Background: Titanium (Ti) dominates as the material of choice for dental implant
surface properties of Ti dental implants, the mechanical performance of Ti may not be sufficient in applications requiring narrow-diameter or short implants or exposure to excessive occlusal stresses. 7 To increase the mechanical performance of Ti while retaining the surface functionality of its TiO 2 layer, titanium-zirconium (TiZr) alloy has emerged as a promising candidate that also reduces cytotoxicity associated with elements comprising other Ti alloy compositions, especially aluminum (Al) and vanadium (V). [7] [8] [9] Despite improvements in material composition and implant design, implant failures do occur because of individual or synergistic factors including bacterial contamination, premature loading, impaired healing, surgical-related factors resulting in trauma such as compression necrosis, residual cement, and excessive occlusal stresses. 10, 11 However, bacterial biofilm formation remains an etiological agent in both early-and late-stage failures. 12 Early-stage failures can occur when bacterial biofilm develops shortly after implant placement, triggering an enhanced inflammatory response while preventing host tissue cells from integrating with the implant surface. 13, 14 In contrast, late-stage failure can occur after previous establishment of osseointegration by periimplantitis where pathogenic bacteria penetrate the soft-tissue seal with the implant surface, triggering eventual tissue necrosis and bone loss around the implant. 15 It is estimated that ≈12% to 43% of all dental implants at some point experience peri-implantitis. 16 Although peri-implantitis has been associated with pathogenic bacterial strains including Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum, the growth of these late colonizers is primarily dependent on biofilm formation on the implant surface by early-colonizing strains including Streptococcus and Staphylococcus species. [17] [18] [19] Adhesion of pathogenic bacterial species on an implant surface can also adversely affect the surface of the underlying substrate. 20, 21 In particular, Ti and other metallic substrates are hypothesized to undergo accelerated corrosion due to an acidic, crevice-like environment generated by biofilm formation and bacterial cell metabolism on the implant surface. 20, 21 The combination of an acidic environment and crevice reduces the passivity of the oxide layer while restricting the flow of oxygen necessary to re-passivate the surface. 22 As a result, Ti 4+ ions are generated which can accumulate into the surrounding soft and bone tissues, thereby exacerbating the inflammatory response. 20, 23, 24 In contrast, TiZr surfaces in previous studies have demonstrated greater corrosion resistance than pure Ti surfaces. 25, 26 The incorporation of Zr into the native oxide layer increases its passivity, resulting in significantly lower amounts of metal ion release as compared with pure Ti when immersed in acidic media simulating the oral environment. 25 Despite its improved corrosion behavior, TiZr is similar to Ti substrates in terms of initial bacterial attachment and biofilm formation and therefore may be prone to the bacteria-induced corrosion exhibited by pure Ti surfaces. 13, 27 Recently, zirconia (ZrO 2 ) has been introduced as an alternative to Ti-based dental implant bodies or screws. 28 Like Ti, ZrO 2 presents an oxide surface that is conducive to osseointegration to a similar degree as Ti. [29] [30] [31] Moreover, ZrO 2 in its tetragonal phase exhibits greater mechanical strength than in its monoclinic phase. 32, 33 To prevent this phase transformation, ZrO 2 is partially-stabilized with yttrium oxide. However, degradation of partially-stabilized ZrO 2 can occur due to accelerated aging in aqueous environments. [34] [35] [36] Furthermore, it is unknown whether this process may be further accelerated under conditions of bacterial colonization that can occur in the oral cavity. Mixed results have been reported for ZrO 2 ; for instance, Nascimento et al. 37 and Roehling et al. 38 demonstrated statistically lower amounts of bacterial attachment on ZrO 2 as compared to Ti surfaces in vivo while Zhao et al. 13 showed that ZrO 2 attracts greater levels of bacteria than both Ti and TiZr surfaces in vitro. Therefore, the aim of this study was to investigate bacterial attachment, surface degradation, and corrosion susceptibility of Ti, TiZr, and ZrO 2 dental implants with different surface treatments after exposure to early-colonizing oral bacterial species in vitro. It was hypothesized that ZrO 2 implants would have significantly lower bacterial adhesion and surface degradation than Ti-based implants.
MATERIALS AND METHODS

Materials
Four groups of different dental implant materials and surface treatment combinations were investigated in this study, with each group consisting of four specimens of similar dimensions. Two groups of implant specimens were fabricated from cold-worked, grade 4 commercially pure titanium (Ti) and received one of two surface treatments: 1) sandblasting with large-grit particles and acid-etching (Ti-SLA) or 2) SLA treatment followed by rinsing under inert nitrogen atmosphere and storage in saline solution (Ti-modSLA). The third group were titanium-zirconium (TiZr) alloy (13-17% Zr) implants that also received SLA surface treatment (TiZr-SLA). Finally, the fourth group were ceramic zirconia (ZrO 2 ) implants that underwent an SLA surface finish process comparable with Ti (ZrO 2 -SLA). A complete description of the dental implants evaluated in addition to the naming convention used in the remainder of this study is provided in Table 1.
Optical microscopy
Optical microscopy (OM) was performed to qualitatively evaluate the surface morphology of each implant and reveal potential features including discoloration. OM was performed on all control implants and specimens (n = 3) post-immersion in bacterial culture (as described below) but before electrochemical testing. Areas of interest included the implant screw, collar, and collar-screw boundary.
Biofilm formation in early-colonizing oral bacterial polyculture
Three oral bacterial species involved in early colonization of dental implant materials in the oral cavity were used in this study: Streptococcus mutans, Streptococcus sanguinis, and Streptococcus salivarius. Bacteria were struck from −80 • C frozen stocks onto fresh Brain Heart Infusion (BHI) agar plates and incubated at 37 • C in 5% CO 2 for 48 hours. An individual colony for each strain that grew on the agar plates was used to inoculate BHI broth in separate tubes for each strain. The inoculum was incubated overnight in 5% CO 2 atmosphere at 37 • C. Bacteria from each overnight culture were passaged into a new culture tube consisting of equal volume (1 mL) of each strain and 2 mL of fresh BHI broth to create a polyculture. Sterile implants (n = 3) from each group were then immersed in individual tubes each containing 5 mL of the early-colonizing bacterial polyculture for 30 consecutive days. Two milliliters of polyculture media was removed and replaced with fresh BHI broth every 48 hours to replenish nutrients. To ensure viability of the Streptococcus polyculture and lack of contamination by other bacterial species, the optical density at 600 nm wavelength (OD 600 ) and pH of the media was measured every 48 hours using a spectrophotometer and hydrion pH strips, respectively.
Evaluation of bacterial adhesion on implant surfaces
After the 30-day immersion in Streptococcus polyculture, all implants (n = 3) were aseptically removed from the immersion media. Implants were dipped three times in 1.5 mL of 1 × PBS, and the bacteria which detached into the media were classified as non-adherent bacteria. The implants were then placed into separate centrifuge tubes containing 1.5 mL of PBS and underwent ultrasonication for 5 minutes. Bacteria which detached after ultrasonication were classified as adherent bacteria. Ten microliters of non-adherent and adherent bacterial media (in addition to aliquots from the polyculture immersion media) were plated onto BHI agar plates after performing five 10-fold serial dilutions. The number of colonyforming units per milliliter (log CFU/mL) were counted and normalized to the bacterial count of the polyculture immersion media to obtain a relative bacterial count.
Qualitative corrosion scoring
The entire surface of all implants post-immersion in Streptococcus polyculture for 30 days were thoroughly examined using OM, excluding the ZrO 2 -SLA group. A qualitative assessment of corrosion attack was performed based on changes in surface morphology and discoloration for each portion of the implant (collar, junction, and screw). Scores for each implant region were assigned to be the number of distinct discoloration features or spots on the implant surface that could be observed within the range of 100 to 700 × magnification.
Electrochemical testing
Electrochemical testing of all specimens post-immersion (n = 3), excluding the ZrO 2 implants, was performed per guidelines modified from ASTM F2129-15 standard using a potentiostat. Specimens were mounted to alligator clips and insulated with electrical tape and a commercial insulating lacquer to isolate and only expose the implant body to the electrolyte, 1 × phosphate buffered saline (PBS) maintained at 37 • C. A standard three-electrode electrochemical cell was assembled with a graphite rod as the counter electrode and saturated calomel electrode as the reference electrode. Per sample, the open-circuit potential was first monitored for 1 hour, and the last value measured was recorded as the corrosion potential (E corr ). Next, each specimen was polarized from −10 to +10 mV vs. E corr at rate of 0.1667 mV/s and plotted against the resulting current on linear axes, and the slope of the bestfit line through this curve was recorded as the polarization resistance (R p ). Afterward, each specimen was subjected to polarization linearly sweeping from 0 to 250 mV vs. E corr at a scan rate of 1 mV/s. Semi-logarithmic plots of the applied potential versus logarithmic current exhibited linear behavior in the active region of the curve, which when extrapolated to E corr yielded the corrosion current, I corr . Based on I corr , the resulting corrosion rate (CR) was calculated using equations derived in ASTM G102-89.
Statistical analysis
Statistical analysis for the electrochemical testing and bacterial adhesion results was performed using one-way analysis of variance (ANOVA) at a 95% confidence level ( = 0.05), followed by post-hoc Tukey test.
RESULTS
Surface morphology pre-and post-immersion
Representative OM images of all implants before (control) and after immersion in polyculture of early-colonizing Streptococcus species are depicted in Figures 1 and 2 Figure 1H and supplementary Figs. 1D and 1H in the online Journal) were also found to sparely populate the implant body, primarily along the screw threads of implants TS1-3. In contrast, surface discoloration was entirely absent along the collar ( Figure 1B ) and collarscrew boundary of control implant TSC ( Figure 1C) , and the implant screw exhibited a uniform rough morphology ( Figure 1D ). Like Ti-SLA implants, differences in morphological features were observed between Ti-modSLA control (TAC) and implants (TA1-3) post-immersion in early-colonizing Streptococcus polyculture as shown in Figure 1 and supplementary Fig. 2 in the online Journal of Periodontology. Implant TAC surface ( Figure 1I ) had a wet, moist surface due to its surface treatment (immersion in saline solution under N 2 gas purging) to enhance its hydrophilicity. The collar of TAC exhibited bands of distinct lines characteristic of machined implant surfaces ( Figure 1J ). At the collar-screw boundary on implant TAC ( Figure 1K ), a uniform transition from the machined lines on the smooth collar to the rough surface of the implant screw body was observed. Post-immersion, implant TA2 (Figure 1M ) demonstrated dark brown to purple surface discoloration along the implant collar ( Figure 1N ) and as a distinct band at the collar-screw junction ( Figure 1O The control TiZr-SLA implant (TZC) shown in Figure 2A exhibited undamaged, uniformly distributed surface features, across the smooth collar, implant collar-screw junction, and screw region (Figures 2B through 2D) . In contrast, TiZr-SLA implants (TZ1-3) exposed to bacterial polyculture exhibited mild discoloration ( Figure 2E and supplementary Figs. 3A and 3E in online Journal of Periodontology). Surface discoloration was absent on the smooth collars of implants post-immersion (see supplementary Figs. 3B and 3F in online Journal of Periodontology) excluding TZ1 which had visible regions of discoloration ( Figure 2F ). At the implant junction, surface discoloration was minimal for implants TZ1 and TZ2 (black arrows in Figure 2G and supplementary Fig.  3C in online Journal of Periodontology) but more severe on TZ3 (black arrows in supplementary Figure 3G in online Journal of Periodontology). However, as observed for pure Ti implants (TS1-3, TA1-3), localized spots of purple-blue discoloration (red arrows in Figure 2H and supplementary Figs. 3D and 3H in online Journal of Periodontology) were observed along the implant screw.
As for the ZrO 2 -SLA implants, the control (ZC) exhibited a lustrous, ivory-white color along the smooth collar, rough screw, and collar-screw junction with no visible signs of defects due to implant manufacture or handling ( Figures 2I  through 2L ). For ZrO 2 -SLA implants exposed to Streptococcus polyculture for 30 days (Z1-3), minimal changes in luster and morphology were noticeable across the implant surface ( Figure 2M and supplementary Figs. 4A and 4E in online Journal). Small black marks (black arrows) were occasionally found along the collar ( Figure 2N 
Bacterial adhesion
A quantitative evaluation of bacterial adhesion on all implant surfaces after immersion for 30 days in Streptococcus polyculture is depicted in Figure 3 . Overall, significantly more adherent bacteria were present on all implant surfaces as compared with non-adherent (P < 0.05). However, within both non-adherent and adherent groups, the number of bacteria counted on Ti-SLA, Ti-modSLA, TiZr-SLA, and ZrO 2 -SLA implants was not significantly different (P > 0.05). However, TiZr-SLA implants on average exhibited the greatest amount of non-adherent or adherent bacteria. Although ZrO 2 -SLA implants had the lowest non-adherent bacterial count on aver- age, the average amount of adherent bacteria on ZrO 2 -SLA was greater than both Ti-SLA and Ti-modSLA implants.
Qualitative corrosion assessment
A qualitative evaluation of all implants post-immersion in Streptococcus polyculture for 30 days based on the scoring system described in the methodology is summarized in Table 2 . OM enabled visualization of surface changes in terms of color and morphology which could indicate potential areas where corrosion occurred. Overall, Ti-SLA specimens (TS1-3) exhibited surface discoloration indicative of corrosion attack primarily along the implant screw, resulting in relatively high scores (16 to 41) for these regions as compared with the implant collar (0 and 1) and junction (1 to 5). For implant TS1, no evidence of corrosion was observed along the smooth collar. However, two distinct bands of discoloration were observed to span about half the circumference of the collar-screw junction. Among the remaining discoloration features observed, about two-thirds appeared as spots on the screw threads while the rest were found clustered near the apical end of the screw. Like TS1, surface discoloration was absent on the smooth collar of implant TS2. However, a band and spots of dark-purple discoloration were much more pronounced along the entire implant junction of TS2 as compared with TS1. On the implant screw, all discoloration was found only on the screw threads, excluding one prominent feature at the apical end of the implant body. A similar number of corrosion features was observed for implant TS3 as compared with TS2. However, the band of discoloration on the junction of TS3 appeared thinner, and discoloration features were found to be evenly distributed on and between the implant screw threads. Unlike the Ti-SLA implants, corrosion-induced discoloration on the Ti-modSLA implants TA1-3 was more numerous (100 to 121) but smaller in size. Despite TA1 and TA3 not possessing an implant collar or junction, dark brown to purple discoloration were observed to uniformly cover the implant body. For TA3, a prominent band of dark purple discoloration was visible and similar in appearance to that observed on the implant junction of Ti-SLA implants. A similar pattern of discoloration was visible on implant TA2. Additionally, the implant collar of TA2 displayed a more uniformly distributed surface consisting of a blue-purple discoloration.
As for TiZr-SLA implants TZ1-3, discoloration was both relatively scarce (17 to 27), small in size, and prevalent on the implant screw (16 to 21). On TZ1, the implant collar exhibited uniform blue-purple discoloration like implant TA2 in addition to a minor band of discoloration across the implant junction. Surface discoloration of the implant screw was minor and found evenly distributed on and between the screw threads in addition to the screw apex. On the other hand, no changes in surface color could be identified on the collar of TZ2. However, a thin band of discoloration was observed on the junction in addition to pockets of discoloration on the implant screw similar to TZ1. Like TZ1 and TZ2, TZ3 exhibited a similar distribution of discoloration along the implant body. However, severe discoloration of the junction was evident which spanned approximately half the junction circumference.
Electrochemical testing
A quantitative assessment of the corrosion behavior of Ti-based implants post-immersion in Streptococcus polyculture for 30 days is depicted in Figure 4 . Both Ti-SLA and Ti-modSLA implants exhibited significantly higher corrosion potential (E corr ) values (P < 0.05) as compared with TiZr-SLA implants ( Figure 4A ). TiZr-SLA implants also demonstrated the lowest average polarization resistance (R p ) values ( Figure 4B ) although this behavior was not found to be significantly lower (P > 0.05). Between the pure Ti-based implants, Ti-SLA implants exhibited slightly higher R p values on average than Ti-modSLA implants. In terms of corrosion rate, TiZr-SLA implants were found to have the highest average values when compared with Ti-SLA and Ti-modSLA implants ( Figure 4C ). However, this reduction in corrosion resistance was again not found to be statistically significant (P > 0.05). Thus, no significant differences were found between the groups compared.
DISCUSSION
The aim of this study was to compare the degradation effects of bacterial biofilm on the surface morphology and electrochemical behavior of four commercial dental implant surfaces: Ti-SLA, Ti-modSLA, TiZr-SLA, and ZrO 2 -SLA. To simulate a worst-case scenario for microbial-induced corrosion and surface deterioration, implants were immersed continuously for 30 days in a polyculture consisting of three Streptococcus species implicated in peri-implant diseases: S. mutans, S. sanguinis, and S. salivarius. 39, 40 Based on the literature, it was hypothesized that TiZr and ZrO 2 implants would exhibit a lower degree of bacterial colonization and surface degradation than pure Ti implants.
To assess surface damage induced after exposure to Streptococcus polyculture, three immersed implants from each group were evaluated and compared against one control implant. Post-immersion, all metallic implants -Ti-SLA, Ti-modSLA, and TiZr-SLA -exhibited surface discoloration to an extent which can be attributed to corrosion induced by . This observation corroborated previous studies for ZrO 2 -based coatings on metallic substrates which enhanced corrosion resistance. 42, 43 For both Ti and TiZr implants, bacterial-induced corrosion features were primarily found along the rough surface of the implant body. This result can be expected due to the greater surface roughness being favorable for initial adhesion and colonization of bacterial cells and biofilm development as compared with the relatively smooth surface of the implant collar. 13 Despite all Ti-based implant materials being comprised of a passive oxide layer, the size, number, and distribution of observed discoloration features were not the same across these substrates. Ti-modSLA implants exhibited the greatest number of distinct corrosion-induced discoloration and to a greater extent than Ti-SLA implants despite only differing from Ti-SLA in terms of increased hydrophilicity (Table 2) . 44 However, the majority of corrosion features present on Ti-modSLA surface were relatively small in size ( Figures 1M through 1P and supplementary Fig. 2 in online Journal). In previous studies, increased hydrophilicity of titanium surfaces was shown to reduce attachment of bacterial species like S. mutans while not affecting others like S. sanguinis. 45, 46 In contrast, surface wettability was not observed to significantly affect the amount of bacterial attachment after 30 days of immersion in the present study, but the increased surface hydrophilicity of Ti-modSLA implants may have influenced the developing biofilm structure and subsequent corrosion features. However, differences in surface morphology between Ti-SLA, Ti-modSLA, and TiZr-SLA implants could not be attributed to differences in growth conditions as the optical density (OD 600 ) and pH of the immersion media for all implants remained the same throughout testing (data not shown). Furthermore, the amount of non-adherent and adherent bacteria was shown to be statistically similar for all implant groups (Figure 3) .
Streptococcus species, especially S. mutans, are opportunistic bacteria known to accelerate corrosion of Ti-based dental implants. 39, 40, 47 Bacterial adhesion is expected to induce corrosion of metallic substrates via metabolic byproducts including lactic acid and hydrogen peroxide which can lower the corrosion resistance of Ti. 40, 47 Additionally, the accumulation of organic acids in these regions, creates localized, acidic environments which promote corrosion features including discoloration and pitting. 40, 47 In our previous study, both early-colonizing S. mutans and late-colonizing Porphyromonas gingivalis induced corrosion of Ti-SLA implants after 30-day immersion periods in vitro. 21 Additionally, analysis of failed Ti dental implant retrievals demonstrated signs of severe corrosion attack including pitting, surface discoloration, and increased surface roughness. 20, 21 These results corroborated Gil et al. who observed pitting corrosion of Ti implants after 1 and 3 months of immersion S. sanguinis and Lactobacillus salivarius cultures. 48 Despite qualitative differences in the surface morphology of Ti-SLA, Ti-modSLA, and TiZr-SLA post-immersion in Streptococcus polyculture, electrochemical testing revealed no significant differences in corrosion behavior (Figure 4) . The corrosion potential (E corr ) of TiZr-SLA implants was significantly lower than that of Ti-SLA and TimodSLA implants. This result suggested that TiZr-SLA postimmersion would have lower corrosion resistance as higher (more noble) E corr values are associated with greater passivity. Corroborating this trend, TiZr-SLA did indeed exhibit both the lowest polarization resistance (R p ) and highest corrosion rate (CR) values. However, these trends did not result in significantly different values than that for Ti-SLA and Ti-modSLA surfaces, indicating that the corrosion behavior of all Ti-based materials were electrochemically equivalent after exposure to Streptococcus polyculture. Interestingly, this trend differed from previous studies which demonstrated that TiZr alloy exhibited greater corrosion resistance than pure Ti alloy substrates under acidic pH conditions or artificial saliva in vitro. 25 The ability of Streptococci to adversely lower the electrochemical behavior of Ti surfaces is well-documented in the literature. 40, 49 However, the influence of bacterial adhesion on the corrosion behavior on TiZr remained unknown. Based on the results of the present study, it was shown for the first time that TiZr exhibits statistically similar corrosion resistance as pure Ti after exposure to Streptococcus polyculture. Even though the electrochemical behavior could not be measured for the ZrO 2 implants due to a lack of conductivity, surface analysis revealed that ZrO 2 appeared to be minimally attacked after in vitro exposure to early-colonizing Streptococcus polyculture. Future studies could measure the monoclinic volume fraction of ZrO 2 before and after exposure to bacterial culture to make a quantitative assessment of the degradation of ZrO 2 . Within the limitations of this study, TiZr and ZrO 2 are not more prone to bacterial colonization and surface degradation than commercially pure Ti after exposure to early-colonizing Streptococcus species, supporting their use as dental implant materials.
